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Current-induced magnetization reversal of perpendicularly magnetized layers was studied in
current-perpendicular-to-plane giant magnetoresistance pillars with L10-FePt 001 layers. The FePt
layers exhibited strong perpendicular magnetic anisotropy of the order of 107 erg/cm3. A series of
magnetoresistance curves after applying pulse currents with different current densities showed that
current-induced magnetization reversal from an antiparallel to a parallel alignment occurred at the
current density of the order of 108 A/cm2 with the assistance of magnetic field. © 2006 American
Institute of Physics. DOI: 10.1063/1.2198819Physical phenomena caused by spin-polarized current
have become a key for the development of “spin electron-
ics.” First theoretical predictions of current-induced magne-
tization reversal and magnetic excitation in a nanomagnet1,2
greatly stimulated practical and scientific interests, and a lot
of experimental studies have been reported in current-
perpendicular-to-plane giant magnetoresistance3–10 CPP-
GMR or tunnel magnetoresistance TMR pillars.11,12 A con-
cept of devices using spin-polarized current has been
proposed recently: Ultrafast magnetization manipulation is
expected to be realized in a magnetic pillar with a combina-
tion of a perpendicular spin polarizer and an in-plane mag-
netized free layer.13,14 However, almost all of the samples
reported previously consist of magnetic layers with the mag-
netization vectors lying in the film plane in the absence of
external magnetic field. In order to examine the concept for a
perpendicular spin polarizer, it is essential to demonstrate the
magnetization reversal in a magnetic pillar with out-of-plane
magnetized layers.15
Strong perpendicular magnetic anisotropy is required for
out-of-plane magnetization vectors without external mag-
netic field. L10-FePt alloy has a large uniaxial magnetic an-
isotropy Ku=7.0107 erg/cm3,
16 and perpendicular mag-
netic anisotropy is obtained in an L10-FePt 001 thin film.
17
In addition, a high spin polarization of conduction electrons
in L10-FePt has been suggested.
18 A L10-FePt 001 layer in
the magnetic pillar is considered to be a candidate as a per-
pendicular spin polarizer.
In this letter, we report the fabrication of CPP-GMR pil-
lars with L10-FePt 001 layers and the observation of
current-induced magnetization reversal of a perpendicularly
magnetized FePt layer in the pillars.
All the layers were prepared on MgO 001 single
crystal substrates using an ultrahigh vacuum magnetron
sputtering system with separate targets of Fe, Pt, and Au. The
film structure for microfabricated samples is MgO substrate/
Fe1 / Au100 / L10-FePt20 / Fe1 / Au5 / L10-FePt4 /
Au25 /Pt100 in nanometers. All the layers except for
FePt layers were deposited at room temperature RT, and
FePt layers were deposited at 300 °C. The composition of
FePt layers was determined to be Fe43Pt57 by electron probe
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emission spectroscopy. To promote the L10 ordering in FePt
layers, the film was annealed at 500 °C for 15 min after
depositing the top FePt layer. In the x-ray diffraction patterns
not shown here, FePt superlattice peaks characteristic of
the L10 ordered structure were observed, and the crystallo-
graphic orientation perpendicular to the film plane was the
001 direction in both FePt layers. The 1-nm-thick Fe inter-
mediate layer plays a role to maintain the 001 orientation
of the top FePt layer. We consider that the Fe layer diffuses
into the bottom FePt layer after annealing at 500 °C.19
CPP-GMR pillars were fabricated using electron beam
lithography and Ar ion etching. The detailed microfabrica-
tion process was reported in previous papers.20,21 Pillars in-
cluding both top and bottom FePt layers were formed, and
the pillar size was 0.10.25 m2. Transport properties were
measured by a dc four-probe method. The magnetic proper-
ties were measured by a superconducting quantum interfer-
ence device SQUID magnetometer.
Figures 1a and 1b show the magnetization curves at
RT and 77 K, respectively, for a thin film with Fe1/Au40/
FePt4 in nanometers prepared at the same condition as
microfabricated samples. Solid and broken curves represent
the results with applied fields perpendicular and parallel to
the film plane, respectively. For both results at RT and 77 K,
the strong perpendicular anisotropy is obtained. The values
of uniaxial magnetic anisotropy energy Ku at RT and 77 K
are 3.4107 and 5.1107 erg/cm3, respectively.
FIG. 1. Magnetization curves for a 4-nm-thick FePt thin film measured at
a room temperature and b 77 K. Solid and broken curves represent the
results with applied fields perpendicular and parallel to the film plane,
respectively.
© 2006 American Institute of Physics4-1
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pillar measured at a RT and b 77 K. External magnetic
field was applied in the perpendicular direction to the film
plane, and the sense current was 0.5 mA. Filled and open
circles represent the data of full and minor MR curves, re-
spectively. Starting from Hex=−7.5 kOe, the resistance
clearly increases from a low value to a high value at Hex
=5.4 kOe and then decreases at Hex=6.8 kOe in the full MR
curve at RT. The observed resistance change is attributable to
the magnetization reversal between parallel and antiparallel
alignments in two FePt layers. In the minor loop at RT, the
high resistance value completely remains at Hex=0 kOe. The
resistance change with sweeping the external magnetic field
is also observed at 77 K. Only the minor loop is obtained for
the MR curve at 77 K since the maximum applied field is
7.5 kOe. However, the square-type hysteresis loop and the
temperature dependence of the resistance change indicate
that the complete antiparallel and parallel alignments of
magnetization vectors are achieved. The MR curve is suit-
able for the observation of current-induced magnetization
reversal.
The MR curves at 77 K after applying the initial current
Iini are shown in Fig. 3, where, for comparison, the MR
curves without Iini are also shown by open circles. A sche-
matic illustration of the microfabricated sample and the di-
rection of electron flow in the positive current is also shown
in the inset of Fig. 3a. The detailed procedure of this resis-
tance measurement is as follows: Initially, the antiparallel
alignment of magnetization vectors was obtained by apply-
ing Hex= +7.5 kOe. Then, the applied field was reversed, and
Hex was set to be −6.7 kOe, the position of which is indi-
cated by the arrow in Fig. 2b. Iini long pulse current with
the duration of 100 ms was applied to the pillar at
Hex=−6.7 kOe. Then, Hex was set back at 0 kOe, and the
resistance was measured using a sense current of 0.5 mA
with sweeping Hex from 0 to −7.5 kOe. The values of Iini are
a +40, b −24, c −25, and d −40 mA. For Iini from
+40 to −24 mA, there is no remarkable change in the resis-
tance at Hex=0 kOe, which means that the antiparallel align-
ment is maintained when Iini is applied, and the resistance
change is observed at Hex=−7.5 kOe. These results indicate
that the current in the range of −24 Iini +40 mA does not
change the magnetization alignment of two FePt layers. For
−40 Iini−25 mA, on the other hand, the resistance after
applying Iini drops to a low value, corresponding to the par-
allel state, and shows no more change with sweeping Hex.
FIG. 2. Magnetoresistance curves for a CPP-GMR pillar measured at a
room temperature and b 77 K. The external magnetic field Hex was ap-
plied perpendicularly to the film plane and was varied in the range of
±7.5 kOe. Filled and open circles represent the data of full and minor mag-
netoresistance curves, respectively. The arrow in b indicates Hex of
−6.7 kOe in the antiparallel alignment of magnetizations.These results indicate that for Iini−25 mA, spin-polarized
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to current gives rise to the magnetization reversal in the perpen-
dicularly magnetized FePt layer under the external magnetic
field.
Figure 4 shows the Iini dependence of resistance mea-
sured at 77 K without the external magnetic field, where Iini
FIG. 3. Magnetoresistance curves measured at 77 K after applying the ini-
tial current Iini at the magnetic field Hex of −6.7 kOe. The values of Iini
are a +40, b −24, c −25, and d −40 mA. The magnetization alignment
for the FePt layers was initially set to be an antiparallel state. After applying
Iini at Hex of −6.7 kOe, the magnetoresistance curve was measured using the
sense current of 0.5 mA with sweeping Hex from 0 Oe to −7.5 kOe. Filled
circles represent the magnetoresistance curves after applying Iini and open
circles represent those without applying Iini. A schematic illustration of the
microfabricated sample and the direction of electron flow in the positive
electrical current is shown in the inset of a.
FIG. 4. The initial current Iini dependence of resistance measured at 77 K
without the external magnetic field. Iini was applied at Hex of a −6.7 kOe
and b −6.2 kOe. The initial alignments of magnetization for the FePt lay-
ers were antiparallel filled circles and parallel open circles.
AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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initial magnetization alignment for two FePt layers was set to
be the antiparallel state filled circles or the parallel state
open circles. For Hex=−6.7 kOe, a clear transition from
an antiparallel to a parallel alignment is observed at
Iini=−25 mA. With decreasing Hex to −6.2 kOe, the value of
Iini for magnetization reversal increases to −36 mA. Accord-
ing to the theory of spin transfer switching,1 it is considered
that the magnetization of the thinner FePt layer is reversed
more easily than that of the thicker one. The absolute value
of switching current from an antiparallel to a parallel state
increases with decreasing the absolute value of Hex, which
indicates that the direction of the magnetization vector for
the thinner FePt layer in the antiparallel state is opposite to
that of Hex. This means that the switching layer in the MR
curve at 77 K shown in Fig. 2b is also the thinner FePt
layer. The current densities Jc for the magnetization switch-
ing from an antiparallel to a parallel alignment are obtained
to be Jc
AP-P=−1.0108 A/cm2 at Hex=−6.7 kOe and
Jc
AP-P=−1.4108 A/cm2 at Hex=−6.2 kOe. The observed
switching behavior is similar to that for in-plane magnetized
layers.3–10 On the other hand, a transition from a parallel to
an antiparallel alignment is not observed in the present
result.
In order to apply the spin transfer switching model
proposed by Slonczewski1 to the CPP-GMR pillar with
out-of-plane magnetization vectors, the effective field Heff
in the pillar is described as Heff= Hex−4Ms+2Ku /Ms,
where Ms is saturation magnetization. The calculated values
of Jc are obtained to be Jc
AP-Pcalc=−6.3108 A/cm2 and
Jc
AP-Pcalc=4.6109 A/cm2 at Hex=−6.7 kOe. The param-
eters are Ku=5.110
7 erg/cm3 and Ms=1084 emu/cm
3,
which are experimentally obtained from the magnetization
curves, and a damping constant =0.05.22 Spin polarization
factor P of 0.4 is used with the assumption that the spin
polarization is comparable to that for in-plane magnetized
FePt layers with a low degree of order because the magni-
tude of MR signal is also comparable.21 The value of
Jc
AP-Pcalc is much larger than the range of current density
used in the present measurement so that the transition from
parallel to antiparallel is not experimentally observed. Al-
though Jc
AP-Pcalc is larger than the experimental value of
Jc
AP-P, both the calculated and experimental values show the
same order of magnitude: 108 A/cm2. It is noted that the
experimentally observed difference in Jc
AP-P between
Hex=−6.7 and −6.2 kOe is much larger than that in
Jc
AP-Pcalc. Even at Hex=−6.2 kOe, Jc
AP-Pcalc shows almost
the same value as that at Hex=−6.7 kOe. Since an external
magnetic field is required to observe the current-induced
magnetization reversal, the pure Jc without external magnetic
field, not observed experimentally, might be comparable to
Jccalc. The calculation is based on the assumption of mag-
netization reversal in a coherent rotation mode. However, the
switching field in the MR curve is much smaller than the
coercivity Hc=2Ku /Ms in a coherent rotation mode. There-
fore, the magnetic field dependence of Jc larger than the
calculation implies that the observed magnetization reversal
proceeds in an incoherent rotation mode or domain wall mo-Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to tion induced by a combined effect of spin-polarized current
and magnetic field. More detailed investigation is required in
samples with different switching layer thicknesses and pillar
sizes in order to understand the Hex dependence of Jc.
In summary, we have reported the observation of
current-induced magnetization reversal in CPP-GMR pillars
with out-of-plane magnetization vectors. In addition, it has
been demonstrated that spin-polarized current can reverse the
magnetization of the L10-FePt layer with huge Ku of 5.1
107 erg/cm3. The observed current density for the switch-
ing is of the order of 108 A/cm2 under external magnetic
field.
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